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I.
1)

PURPOSES OF THESIS

To design and build an apparatus which will gen

erate horizontally polarized shear waves of sufficient
energy to be detected at the surface after refracting from
a buried impedance-contrast interface.
2)

To produce a distincitve, easily recognized wave

form by superimposing two similar wavetrains staggered by
a half period or less.
3)

To determine the most efficient methods of trans

mitting the energy of a falling weight into the ground
(i.e. to experiment with different targets),
4)

To use the best target to determine:
A.

If hexagonal sphere packing theory predicts

a valid shear velocity for the unconsolidated sediments
at the site.

(See "Site", below.)

This theoretical ve

locity is 741 (z)^^, where z is the depth.
B.

Shear velocity cg of any detected refractors

and the depth of the refractor.
C.

The dependance of relative amplitude at the

surface on distance from the source for each type of ar
rival .
5)

To derive an equation for relative amplitude

at the surface which takes into account amplitude loss
through geometric spreading, transmission into bedrock,
1
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and attenuation.
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II.

SITE LITHOLOGY

According to drill records (Fig. 1), potential re
fractors at the site include the water table, several
hardpan layers, and the shale bedrock.
ated by thick layers of glacial till.

These are separ
The depth to bed

rock was estimated at 250' by comparing topographic and
bedrock maps of the area.

The till is water saturated

up to a level near the surface, as in Fig. 1.

This level

is called the water table.
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Fig. 1

Stratigraphic Column at Site
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Ill, INTRODUCTION: THE ADVANTAGES OF
HORIZONTALLY POLARIZED SHEAR (SH) WAVES
The great bulk of seismic exploration work is done
using explosives as the source of seismic waves and the
waves generated are almost purely P (longitudinal or
compressional) waves.

Even for the expert the danger of

explosives is a serious problem.

Therefore a mechanical

source was constructed which is relatively safe and in
expensive .
Whitcomb"^ used a similar technique.

He encountered

considerable noise reflections from inclined surfaces
nearby.

In this study, an asphalt sidewalk in the vicin

ity caused similar noise.

However, once recognized as

such, it could be ignored and presented no serious prob
lem.
2
In 1956, White, Heaps, and Lawrence and, independ3
antly, Jolly studied shear waves. Jolly used an explo
sive-loaded "gun" fired horizontally and anchored to the
soil.

He had considered a swinging weight but thought

it unwieldy for field use.

This is a valid point, but

with the weights removed the apparatus can be trailered
to various sites.
Jolly also used sledge hammer blows to generate
shear waves and obtained "almost identical results"^.
It is significant that all of these different sources
5
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6
produced the same type of wave.

High amplitude Love

waves were common in most of these studies.

These will

be explained later.
Further, the seismic generator built for this exper
iment can produce either P waves of SH waves (transverse
or shear waves with a horizontal particle motion).

SH

waves were the most interesting and suitable type for
this study for several reasons:
1)

So much work has been done with P waves that

there is little information that could be added with the
apparatus available.

Shear waves have been largely neg

lected since the compressional waves came into such
widespread practical use in exploration.

For investi

gation at depth the large energies necessary are more
easily attained with explosives, but for the fairly
shallow work here mechanically produced shear waves
would be of adequate amplitude.
2)

The reflection and refraction of SH waves is

much simpler than for P or SV waves (shear waves with
vertical particle motion).

As shown in Fig. 2a, an in

cident P ray produces a reflected P ray, a refracted P
ray, a reflected SV ray, and a refracted SV ray pointing
in four different directions, with four different veloc
ities.

An SH wave produces only two waves (as does

light) and they are both SH (Fig. 2b), so the seismo-
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Fig, 2

Reflection and Refraction of P,SV, and SH Waves
At An Interface
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graph records should be simpler and more easily inter
preted.
3)

Shear waves should be able to pass more easily

through the water table interface than would P waves.
That is they would be less strongly reflected and less
strongly refracted.

In a sense, because shear waves do

not propagate in fluids they do not "see" the water
table.

This is explained in more detail in the section

on theory.
4)

Finally, explosives must be buried at least

several feet below the surface in order to get any sub
stantial wave propagation in a downward direction.

It

should be below the water table, if practical, to elim
inate reflection, and it should be below as much of the
weathered surface layer as possible.

In general, the

deeper the charge, the better the results.

The mechan

ically produced shear waves are generated at the surface
thus saving a lot of digging and drilling.
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IV.

EQUIPMENT

The shear wave generating mechanism was a freefalling dual pendulum arrangement as shown in Fig. 3.
Two 200 lb. weights were suspended side by side from a
frame which in turn was mounted on an axle for trailering.
The front of the frame was supported by concrete
blocks so the height at which the pendulum struck could
be adjusted.

Most of the recordings were made with only

one pendulum which fell from 4.1'

(1.25m) and, at or near

the bottom of its arc, struck a target anchored in the
soil.

The waves then propagate at right angles to the

direction of ground displacement.
Several different types of targets were tested:
#1 (Fig. 4)--Horizontal 2" X 2" board, 4' long,
struck on one end and anchored with eight 6" bolts.
Some shear waves were recognized but the narrow V

bolts

tore loose from the soil, wasting much of the energy.
The force had to be spread over a greater area so the
stress would be as large as possible without greatly
exceeding the elastic limit of the soil.

A sample of

the original records is shown in Fig. 4.

The traces

being used are labeled on the left.
#2 (Fig. 5)--Horizontal 2" X V

board with a target

surface inclined at 45° and anchored by eight 6" bolts.
9
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Fig. 3

Falling Pendulum Seismic Wave Source

A, Side view with one pendulum falling and Target #3.
Pendulum Axle

Winch
175 lb lead
bricks in
steel box

^
Target #3
Concrete Blocks
8" Bolts.
2"x4"
Board
4"x8"
Steel Plates

6 ft

s
Ft
11 ft

B. Top view, pendulum connected to w inch.
Winch Cable
Bolt Heads
Plates
(underneath)
Trailer
Coupler
To Trigger
C. Rear view, pendulum ready to be released.
C-Clamp
Winch Cable
Disconnected
^Temporary Con
nection to be
broken by
pendulum
To Trigger
End of Target
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Fig. 4

Records and Diagram of Target #1
(4r board anchored with bolts only)

Target #1
side view

no plates

*- * n

C

4'x2"x2" Board

Top View

12
A vertical component of the striking force aided in the
coupling between the target and the soil.

The first

strong surface wave, a Love wave, was recorded at 100'
with this system.

The ground was generally frozen at the

time of this recording, with only a very narrow surface
layer thawed.

These conditions are nearly ideal for the

propagation of Love waves, hence the high amplitude.
Some energy was still wasted in this trial because:
1)

the bolts were still too narrow, locally exceeding

the elastic limit of the soil, although not as much as in
the Fig. 4 arrangement, 2)
fall the full 1.25 m.

the pendulum was not able to

Actual fall was 1 m for a 20%

energy reduction.

J

#3 (Fig. 6)--Horizontal 2" X 4" X 6' board, struck
on one end, anchored with six 4" X 6" plates.

Good

strong first breaks were observed, better than for any
previously used target.

The plates moved a volume of

approximately 6* X 6" X 4" or 1 cu. ft. so that the force
was spread over a much greater volume.

Nevertheless,

after repeated blows the soil eventually lost most of its
cohesion.

Then with each additional trial the plates

tore loose and had to be reimbedded in the soil.

Weights

placed on the boards reduced this problem but eventually
a new site was needed where the soil still had its orig
inal cohesive properties.
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Fig.

5
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R e c o r d s of T a r g e t
0 - 3 0 0 ft A r r a y
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Records of Target #3
200-400 ft Array

V.

RECORDER MODIFICATIONS

The seismograph used was an Electotech 12 channel
recorder.

This instrument was not designed for work in

thick till or other low velocity material such as present
at the site because the records cover only .3 seconds
when adjusted to the maximum.

When studying seismic

waves with velocities on the order of 1000 ft/sec the
recorder would have a range of only 300 ft. along the
surface or 150 ft. down.

Normally such an instrument

would be used with explosives generating P waves in
consolidated rock where velocities are greater than
10,000 ft/sec so the range would be greater than 3,000
ft.

The capacitor discharge which detonates the explo

sives also operates the solenoid switch which begins the
recording, so the record covers from .0 to .3 seconds.
Mr. Darwyn Parrish designed and built a delay cir
cuit which could be triggered by the pendulum's fall and
would then operate the solenoid to begin recording after
a preset delay of from .0 to .5 seconds.

In this way a

mosaic of .3 second recordings could be built up to
cover the entire time range of interest.

The circuit

required an external battery power source of two 12 volt
dry cells, as shown in Fig. 7.

The leads to these bat

teries were connected only after all other preparations
19
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Fig. 7

Recorder Modifications for Use With Delay Circuit
Original Internal
Connections
6v

Added External
Connections

Wet Cells

+o------------'Recharge T Disconnected
ITerminals (
,

t--------------

VV\A/y-Light Beam Source
-------------------

/y

if r ir jn

r r n

------------------

Mirror Pendulum Release

T r£
Arm Switch
(always open)

-I - -J
I

RECORDER
j
Fire Switch
(always open)

Output

©

Trigger

To Penduli^rT
Delay
Frame (shorted
until separated
by falling
+/ Gnd
pendulum)

DELAY CIRCUIT
Short

Input

+12v
2

12v Dry Cells
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for a recording were made.

This reduced the drain on the

dry cells which are shorted until they are triggered to
send current to the solenoid switch.

The toggle switch

was set on "delay" when using this remote triggering
system.
The triggering was accomplished by stretching one 50'
wire from one of the trigger leads across the lower part
of the pendulum frame and attaching it loosely to a 50'
wire from the other trigger lead.

At about the midpoint

of the pendulum's fall it strikes the first wire, separ
ating it from the second.

As long as the wires are con

nected the circuit is shorted, the same as if the toggle
switch were thrown to "short".

When separated, the cur

rent goes to the delay circuit and, after a delay of from
.0 to .5 seconds, as predetermined by the potentiometer
setting, it is relayed to the solenoid switch which
starts the recording.
The labeling on the potentiometer was a useful refer
ence, but the actual delay could be determined only by
correlating events from a delayed record to an undelayed
record and then back to the first break time on the
distance geophone trace.

0-

This time was taken to be t=0.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

VI.

GEOPHONE ARRAY

Since only six horizontal geophones were available,
a maximum of six out of twelve traces were utilized.

The

traces used are labeled with the distance of their re
spective geophones in feet along the left edge of each
record.

Various arrays with geophone spacings of 25, 50,

and 100 feet were used.

All arrays ran perpendicular to

the direction of ground displacement.
buried only

2"

into position.

The phones were

below the surface, but were well tamped
The horizontal axis of each phone was

aligned parallel to the direction of displacement and
perpendicular to the direction of propagation so that
only SH waves were being recorded.
The amplifier gain settings for all recordings were
about

.1

of maximum for the

0 -distance

phone and maximum

for all others.

22
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VII.

OPERATION OF THE SEISMOGRAPH

The horizontal geophones used have a coil and magnet
arrangement which generates a small current in the coil
when the case is vibrated paralled to the coil axis.

The

amplitude of the current is proportional to the particle
velocity of the wave.

Each phone is connected to a sep

arate amplifier by a 12 channel cable.

Each amplified

signal then goes to a galvanometer which is attached to
a small mirror.

This mirror (as well as the 11 others)

deflects a light beam onto a larger mirror and thence to
a 4" X 5" Polaroid film packet.

When released by the

solenoid switch, a small pendulum falls which rotates the
large mirror causing it to deflect all
simultaneously across the film.

12

lights beams

Each beam is also de

flected transversly by the small galvanometer mirror.

A

vibrating reed interrupts the beam at its source every
.01 seconds.

The resulting record consists of 12 dashed

traces on the film with deflections proportional to par
ticle velocity.
The power for the amplifiers comes from a battery
inside the amplifier case.

The power for the light

source, the reed, and the solenoid switch which turns on
the amplifer was supplied by two
ies.

6 -volt

wet cell batter

These were used in lieu of the nickle-cadmium
23
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batteries normally mounted inside the seismograph case.
These wet cell batteries were connected to the recharge
terminals on the seismograph case.

A third set of bat

teries operated the delay circuit and fired the solenoid
switch which released the small pendulum.

With this cir

cuit in use the "Arm-Align" switch was always open and
the "Fire" switch was never used.
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A.

VIII. THEORY
Reflection and Refraction at an Interface

It was stated above that SH waves will be transmitted
better than P waves through the water table which is an
advantage.

This is understood by remembering the criteria

for reflection and refraction.
The relative amplitudes of the reflected and refracted
waves (B and C in Fig. 2) are given by the reflection (R)
and transmission (T) coefficients for the interface mul
tiplied by the amplitude, A, of the incident wave.
for the interface between two media

and

2:

-Z.cos

0'

1

So

B=AR
C=AT
Z^cos
n

—

0

___ " _____________________

Z 2 COS

0

±_ _ _ _ _ _ _ _ _ _ _ _ _

+Z^cos

0'

A
where

the acoustic impedance (density X veloc

ity) of the i th medium and

and

0

0

' are the angles of in

cidence and refraction respectively.
simplify to:

_

R o=o
T 0=O

If 0=0, R and T

^21

i + z 21
1 + Z 21

P\
Pi

25
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where Z

The seismic velocities for SH and P waves are given
by:
c

s

c
P
whereyU is the shear modulus of the medium and B is the
bulk modulus.
Sand or other sediments are much less compressible
when saturated than when unsaturated so B 2 >>B-^ if the
interface is a water table.
The effect of saturation o n i s
certainly less significant.

In fact it is usually ig

nored in the literature and c
the water table.

less clear but is

s

is assumed constant across

The data in the next section indicate

that .95 c 0<c ,<c -, but the data are not conclusive.
s2 si s 2
For the purposes of this paper it will be assumed that
.95 c 0<c <c 0.
s 2 si s 2
So we would expect P velocities to increase sharply
at the water table c 0>>c ,, while shear velocities
p2
pi’
change little Ccs 2 ajcsl^’
site was estimated at 30%.

san^ porosity at the test
For such a sand; assuming

of quartz = 2.65:
/j2 = (. 7x2. 65) + (. 5x1.0) = 1.16
fin
.7x2.65
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1.16

x 1 = 1.077

16;.
/°2C 2 .

p 21

*2 P2+4m

^Cj

/

f>2

A

Pi

^2

-^+4/3/^ “

B 2+4/3A

Bj+4/3/.j

Let M = 4/3/<2 £* 4/3/^

Then

Zp21= 1.16

/ 1
1.16

/B2+M

but B 2 >>BX

VBj+M

so Z 01>>1
p 21
Then the high impedance contrast for P waves means that
much of the energy would be reflected at the water table
and would be of no use in determining the depth to bed
rock.

The P wave which i_s transmitted is strongly re

fracted according to Snell's Law:
sinG

c ,
£ = _£i
sine'
c ^
P
P2
So if

0

is greater then a critical angle

0C

= sin

“1

c
pi
CP 2

there is no transmission at all of P waves except in the
form of weak converted SV waves.
According to Todd 3 some typical values for P wave
velocities in till are 1150 ft/sec for unsaturated and
5700 ft/sec for saturated till.

Then 0 = 15° and only
c
the energy directed downward in a narrow cone will
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penetrate the water table (Fig.

8 ).

By contrast, SH

waves are at least partially transmitted for angles c
incidence up to 72° =0C *
0

c

= sin

-1

si = sin " 1 (.95)= 72°
's2
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Fig.

8

P Wave Transmission Through Water Table
Where 6 = 15°
c

Source

Totally
Reflected
Critically
Refracted

Critically
Refracted

Transmitted
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B.

Pulse Generation With Two Pendulums

One difficulty with using SH waves in exploration
has been the resulting Love (L) waves which they create.
Jolly^, encountered this problem in 1956 and found it to
be a major obstacle.

A family of SH waves will interfere

constructively in a narrow surface layer creating a sin
gle SH wave which travels only at or near the surface.
Its amplitude is exponentially damped with depth.
The duration of an L wave is so long and its ampli
tude is so much larger than later reflections that it
obliterates the later refraction arrivals.

Jolly was

only able to identify or "pick" reflections at one out of
four sites.

The Love wave masked later arrivals at the

three other sites.

Computer processing and/or filtering

is now often used to reduce the effect.

The cost of

this could be eliminated if a simple pulse could be
generated (eliminating L waves all together).

Alter

natively, if a distinctive, non-sinusoidal wave-form
could be generated it could still be identified when
superimposed on the Love wave.
Using the target arrangement of Fig. 3, two targets
were aligned side by side
by a separate pendulum.

20

cm apart so each was struck

The pendulums were released

simultaneously by the mechanism shown in Fig. 9.
30
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Pendulum A was released from a slightly lower position so
as to strike target A

h period

before pendulum B struck

target B.
Ideally, this should result in a superposition of
two similar wave trains staggered by

h period.

As in

Fig. 10, the first oscillation of the first wave will be
detected as the pulse.

The later oscillations will be

cancelled (at least partially) by the second wave.

In

the ideal case there would be, for example, a simple
pulse for a surface arrival, another for a refraction,
and then a reflection.
If the delay time is less than

h period

a distinctive

"double peak" waveform will be propagated which should be
easily identified on the records.
Since the waveforms are actually a superposition of
many sine waves of varying frequency, the period mention
ed above is based on the dominant frequency, which will
decrease with distance due to attenuation, as will be
seen in the "Data" section.
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Fig. 9

Detail of Release Mechanism
Loosening U-clamp releases pendulums
simultaneously

B.
A.
Rear View
Pulleys for short connecting
cable

Pulleys fo
winch cable
Top View
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Fig. 10

Pulse Generation by Superposition of 180°
Out-of-Phase Waveforms

Waveform generated by
Pendulum A

Waveform generated by
Pendulum B

Direct Arrival

Refraction

Ideal waveform as recorded by array
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C.

Relative Amplitude vs. Source Distance

The reduction in amplitude of seismic waves at the
surface with increasing distance from the source is a re
sult of geometric spreading, transmission into lower
layers, and absorption (also called attenuation).

An

equation for relative amplitude vs. distance involving
these three factors would be a valuable tool in predict
ing the range of the seismic source.

In other words, it

could tell us if a certain arrival will be strong enough
to be distinguished at a certain distance.
In this project the waves generated can be assumed
to be cylindrical in form, with an axis in the direction
of force and perpendicular to the vertical plane under
study (Fig. 2).

Then, due to geometric spreading in the

plane, energy E ° < p where r is distance travelled from
the source.

Since the displacements recorded on the

seismograms represent particle velocities (?) and E =
, the amplitude A<%

•

Energy loss through transmission to lower layers
was discussed in Section VIII A.
To understand absorption and to include it in the
derivation of the equation for relative amplitude re
quires a more complete mathematical treatment.

The

amplitude is damped exponentially with distance:
34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

~(£i r)J.

A = AQe ^ s
efficient a

s

So an expression for the absorption co

must be derived,

Theoretical geophysicists have often used elastic
spheres in contact, packed in various ways, as a model
for a medium consisting of unconsolidated sand or other
granular material.
Using a theory devised by Hertz, the theoretical
velocity of seismic waves could be calculated using this
model.

These velocities fit well with experimental re-

suits.

7
8
Cattaneo , and Mindlin , did the calculations for

shear waves, obtaining cs = 930(z)1^

ft/sec.

They used

a simple cubic array, where the pressure at any depth was
due solely to overlying sand.

It agrees fairly well with

experimental data near the surface but is a little high
at greater depths (Fig. 11).
9
Gassman's hexagonal close-packing assumes the
closest possible packing of identical spheres.

It there

fore seems a more realistic model for sand which has been
exposed to the compacting force of gravity and frequent
reworking by water for an extended period of time.

Gass-

man arrived at c =741(z)^^ as also shown in Fig. 11.
This is the formula used in calculating depth in Section
IX B and gives good results.

However the simple cubic

packing will be discussed here as a demonstration of the
technique and should give an adequate estimate for the
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Fig. 11

Three Velocity vs Depth Models
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absorption coefficient as .
There are actually two sources of attenuation.

One

is due to the viscosity of the interstitial fluid.

For

this
a

=

Pf
P

k/%

f2

y

White, p. 120

cg is shear velocity in the solid,

is the fluid

s
where

2^

density,

Cs

f isfrequency, andis fluid viscosity.

k is

permeability, a measure of the solid's ability to trans
mit fluids.

But losses due to viscosity are negligible

in the frequency range under consideration.

The other

factor is frictional dissipation of energy at the con
tacts between grains (spheres) sliding back and forth at
right angles to the direction of propagation (horizon
tally in the case of SH waves).
If two elastic spheres are subjected to an overburden
pressure their surface of contact is a circle.

White^

studied the stress and strain relationships at this cir
cle of contact during the passing of a seismic wave.
results are plotted in Fig. 12.

His

As the stress AT in

creases, the displacement AS increases linearly.

The

spheres are welded together or "sticking" at the circle
of contact and the displacement is by elastic deforma
tion.

At AS there is a little sliding at the contact,
m

The displacement is constant while the stress drops.
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So

Fig. 12

Force vs Displacement for Sliding and Sticking
.
After White, p. 129
Ks_Kd| = .03

AT

4// R&S

2-V.

AS.
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the complete cycle is a hysteresis loop and the area en
closed is the energy lost in each cycle.
2 AS

AW = -16// R
K

Where

M

' s
R

m

White, p. 129

2 -Vc

is the shear modulus
is the radius of the sphere

Kg is the coefficient of static friction
K^ is the coefficient of dynamic friction
S

m

and

is the maximum displacement
c

Vg is poisson's ratio
The negative sign indicates a net loss of energy.

The maximum energy is stored when
4/i RAS
dicated in Fig. 12, AT= — 9 s-^i— — .
W
m

= hATAS m

AS-AS

.. Then, as inm
The maximum energy is

= h U a R(AS )21
L' s
m J
2 -Vc

So
AW = -8l[Ks-Kd
|Ks"Kd
W
Ka .
m

L

This is the fraction of energy lost in each cycle.
The wave will have travelled a distance

X=

c

Since

s

T~

•

we are concerned with changes in maximum energy only, we
can consider an average small change in energy 3W which
will occur over a distance dr.
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Then
dW = AW dr f
W
W
c
m
m
s
W
dW =
W
m

Ji

-8

K -K, 2
s d
K
1

W.

Ks “K*
d

log W - log Wq = - 8
1

r
W = W^exp

2

t/i

-8

Now W**A

) iT

'0

s

L Kd J

so

i
fr
c
s.

2
A

A =

2
= A q exp

-8 V
w

fr
c
s

Kd

L Kd J

-4 V Kd
AQexp
LKd

2

fr

J

a

s

=4

K -K,
s d
K

cs_

£

c

ag is the absorption coefficient introduced on page

35.

Using the above calculations and Fig. 13 the final
equations for the three types of shear arrivals are:
Direct Surface:
A = A
Reflected:
B = A

o

e

-a x
s

£
'42(hx2+z2)h

(1 )
C ~ 2 +z 2
'-a„29-y%x
Re
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(2 )
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Fie

A.

13

Geometry of Direct, Reflected, and
Refracted Arrivals

Direct:
q 1°°_____________ surface
* --------------------------

source

<'////////////// /////////
B.

Reflected:
surface

c

s

c'
s

c
c

77/
- x- 2 x

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Refracted:
j—

C = A
°
where A

o

lXo
Te
-{2(x2
c+z2)k

-a (2>JxJ + z2 +x- 2x )
s
c
c

is the amplitude at a short distance x

o

(3)

from the

source and xc is the critical distance for a critical re
fraction or "head" wave, discussed in the next section.
Since there is no geometric spreading of a head wave in
the lower medium, the expression (x-2xc) is not included
in the geometric term of (3).
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IX.
A.

DATA AND RESULTS
Arrival Times

The arrival time data are shown in Fig. 14.

As

J o l l y ^ noted, it is often necessary to correlate similar
peaks or troughs from one trace to another and then guess
which series of peaks or troughs represent the first ar
rivals. The recognition of arrivals is discussed in the
Appendix.

Fig. 5,

6

, and 19 were traced from the original

records which would not be reproducable.
The P wave was weak and appeared only because

of hor

izontal refraction from the edge of an old 3" thick

as

phalt sidewalk which ran parallel to the array and just
two feet away from it (Fig. 15).

The orientation of the

geophones was such that a direct P wave would not be re
corded.

The velocity of 980 ft/sec is in agreement with

other sources.
Repeated arrivals at 0, 100, and 150 ft.
are also evident.

(curve P')

The apparent velocity for the 100-200

ft. range is 2000 ft/sec.

Because of interferance with

the P and S arrivals, P' arrivals could not be picked
beyond this range.

Accordingly there is ambiguity as to

the source of these arrivals.
1)

Shear wave refraction.

The possibilities are:

The velocity is quite reason

able for compacted sediments at a shallow depth.

This

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

44

Fig. 14

Arrival Times vs. Distance From Source

Theoretical emergence points
for head waves (loose sand
model)
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Fig. 15

Map View of Site With Potential Reflectors

House
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explanation can probably be rejected, but only because
no such refractors are found in the well recora.

It

should be noted that where noise obliterates earlier and
later arrivals, reflections over a short segment of a t
vs. x plot can be misinterpreted as refractions because
it cannot be determined whether the segment is a straight
line (refractions) or curved (reflections).
2)

P wave reflection.

If the segment is extended

horizontally to the t axis it could include the reflec
tions observed near t = .15 sec.

This could be explained

by a hypothetical short reflector, such as the basement
of a house, at a distance of

htnc
=
0 p

and also 70f from the 100' phone.

70’ from the source

See Fig. 15.

The

right end of the reflection plot would then be expected
to be asymptotic to the direct P plot.
The shear wave arrivals gave a velocity of 590 ft/sec,
typical for near-surface shear waves in sediments.

The

arrivals immediately following the S arrivals are appar
ently Love waves.

They have a high amplitude and result

from constructive interferance of multiply refracted
shear waves.

(Fig. 16).

The most significant arrivals are the S refractions,
marked T in Fig. 14.

When elastic waves in solids en

counter an interface at the critical angle they are re
fracted along the interface at the velocity of the second
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Fig. 16

Conditions of Love Wave Propagation

Free Surface

A

L -Wav e-------^
B

c

cs2

Phase shift $ occurs here

csl<cs2

G>0c so wave

guided.

Wavefront A-A1 will interfere constructively with B-B'
(2tt/\)PQB + $

=2mr

(n = 1,2,3,...)

PQB = 2Hcos0, s o for any A,H,$(c ,,c ,), and n there
will be a certain ray at angle 0 whi§fi will give con
structive interference and a Love wave.

Fig. 17

Direct Arrivals From Subsurface Source in Medium
With Velocity Gradient
_x
z

Resulting ArrivalJTime Graph

t

x
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medium.

The energy is then returned to the first medium

in the form of waves propagating at the critical angle
all along the interface.

These are the critically re

fracted waves, or head waves, shown in Fig. 13c.

From

the geometry it can be seen that the apparent velocity
at the surface array will be the velocity of the second
medium.

For the refraction T this velocity is c „ = 1670
'
s2

ft/sec.

Refractions are the most important type of wave

for shallow exploration, and the following calculation
of depth uses these data.
One or two possible shear reflections (R^ and R£)
were observed, principally with the 0-75 ft. array.

One

is associated with the refractor of T and the other is
presumed to be from a deeper layer for which the refrac
tion arrivals were too weak to be observed.
B.

Calculation of Depth

In section VIII C it was mentioned that Gassman's
formula for shear velocity vs. depth (as expressed by
White^)

in a hexagonal close-packed array of spheres

is 741 z^//^= c .

Since waves travelling downward will

be continually accelerated, they will be continually
refracted according to Snell's Law.

This effect becomes

significant over surprisingly short distances for loose
sand and must be considered for the glacial till under
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study here.
The identifying characteristics of a constantly in
creasing velocity with depth is a curved first arrival
plot.

With increasing distance from the source the first

arriving wave will have penetrated to greater depths and
thus have travelled with greater velocity (Fig. 17).

The

P and S plots appear reasonably straight in Fig. 14, but
the loose sand model deserves closer investigation.
By Snell's Law, for a ray with angle of incidence e,
sin9
c
s

= p, a constant for the ray called the ray para-

meter.

This very useful relation holds for a continuous

refraction as well as at a discrete interface.
We will integrate over depth z to find the time t
for the head wave to reach a refractor of given depth
and given velocity c^,.
dz = c dt
z
where cz is the z component of the shear velocity at z.
So dz = cos e csdt.
and c

s

= c z^^
o

But we know sin e= pcs (Snell's Law)

(Gassman) where c is a constant known
^
J
o

by theory (assumed equal to 741 ft/sec/ft^^ in this
paper).

Then
dz = 'ill-sin^
»

0

c dt
s

-t1-p 2 cq2 z 1/3
=^1

cq z

1 /6

,.

dt
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Integrating:
c
r 1/3 2 2 2/3,-^dz . C dt
(z
-p C Q Z
)
o

X

0

Substitute u = z ^ ^
-uT
f ,

z = u^.
2 2 2,-3s_ 2,

(u-p c u )- 3u du = t
O
c
-

u
17

From Gradstien and Ryzhik

, with R = a+bx+cx
A

x dx = x

VF

■{r

- 3b

2c

+

_8 c

4c.

and: { dx =

R

)

R

2 2 2
u-p c u
r o

a

0

b

1

c

2 2
-p c
1 o

A

=

3b 2 -

= 4ac-b 2
a
dx
2 c,

arcsin

2

IR

2 cx+b

Vc"

*V - A

-1
3_
c.

u

T7L
-2 p c
o

I

22;

— 1— £ V u-P cou
4P c0

2 2
arcsin(p cou
v 2r

-1

4 4
sp C
q

pc

0
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And in terms of z^,:

3

. ,

0

^ arcsm(-2p

2 2 1/ 3 ,
cqz

(4)

+1)

a

0

Since we know the shear velocity in the refractor, c^,, is
1670 ft/sec, we know that p for the head wave is
. c is /4 i.
1670
0
any depth.

so tne time t

can t>e calculated for
c

This gives the time necessary for the critically re
fracted wave to get down to the refractor.
it will: emerge back at the surface.
x from the source will it emerge?

In a time 2t

But at what distance
x and z are related by:

dx = tanO dz

(5)

x must be expressed in terms of one parameter only, say

o

1
pc

.

6

5
(sine) cosed© = dz

o.

Substituting (6 ) into (5) eliminates z:
dx =

6

1

^ (sine)^dG

pc
. o
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(6 )
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The distance at which critical refraction occurs is:
i
x

=

6

;sin0 )6 d 0

1

(Pco )6

= 6

1
(pc
^ o

I 5

0

C

- 5 sin 20 + 3sin 40
65
^ 64
sin

1

60

192

c

]

(7)

where
c z1/6
Gc = arcs in o T
= arcsin Cs2 .
Crp
c 7
T
s3
The wave will emerge at the surface at 2xc from the source.
Both equations (4) and (7) have to be solved numeri
cally by putting in various values of z^ until values of
x ^ and tL are found which correspond to points on the x
vs. t plot.
Consider first the top of the hardpan layer at 73 ft.
By the Gassman model the shear velocity above the layer
will be Cq Z ^ ^ = 741 (73)^^ = 1500 ft/sec.

If this layer

is the refractor, its shear velocity is 1670.
the time t

Using (4),

is .0973 sec..So the critically refracted

wave will reach the surface at t = .195 sec..
By (7),

0 c=arcsin

ygyjy = 1.12 rad.

(64°) and xc=110'.

So in this model the head wave will not be received by
geophones within 220' of the source!

A rough numerical

calculation confirms this result in Table 1.

If the
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Table 1.

z

Numerical Estimate for Path of Ray
Critically Refracted at 1670 ft/sec.

sinG

tanG

X

= z1 / 6 (.443)

1
10
20

30
40
50
60
70
74

ft

.443
.650
.730
.780
.820
.850
.878
.900
.907

.494
.852
1.07
1. 258
1. 433
1.613
1. 834
2. 05
2.159

.49
.52
19. 22
31. 80
46.13
62. 26
80. 60
8

101.00
110.00
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refractor velocity is as high as
146'.

2000

ft/sec,

2x

is

still

Fig. 18 shows a plot of these two numerical cal

culations for the Gassman model.

The arrival times and

distances are superimposed on the original t vs. x graph
[Fig. 14) for comparison.

No sequence of arrivals was

observed which started at these points.
The head waves could emerge at 100* if the 1670 ft/
sec refractor was in the range of 40-60' deep (Fig. 18).
The arrival time for such a wave would be .13-.155 sec.
The 2000 ft/sec P' curve could fit this model but a 2000
ft/sec refractor would preclude the well-defined, later,
1670 ft/sec refraction, T.

Critical refractions cannot

occur where velocity decreases with depth.
The possibility remains that the measured slope of
the P' and T curves could be in error by as much as 10%.
Then c ' could be as low as 1800 and c^ could be as high
as 2000.

By the "loose sand" model, P' would then be

interpreted as the 73' refraction.

But the critical dis

tance for the 130' refraction is again about 200', (Table
2 ),

well beyond the beginning of the straight line plot

indicitive of a refraction.
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Fig. 18

Possible Critically Refracted Ray Paths to 74' Refractor
pO
6p
X
q.0
9p
3op
11,0
12,0
Travel Times t from Eq.
Distances from Eq. (7)

Crp=

(4)

1670

Crp=200
Cj=1670

c =2000

Emerge at
t*. 265
x^50

80 +

= 23.8

=.134 sec
x '= 2 8 .1 ft

c = 590z1/6
BestSFit to Data
(nearly a direct path)

Emerges at
t=.195 sec
= 2 2 0 ft

t =.071
xc=73 ft
c

t =.0973
x c =110

c
c .= 741z '
Gassman, 1953
Hexagonal Close-Packed

In

Cn

Table 2.

z

Numerical Estimate for Path of Ray
Critically Refracted at 2000 ft/sec.

s in©

tan©

X

= z 1/6(.380)
1
10
20

30
40
50
60

70
74

ft

.38
.56
.625
.675
.703
.730
.75
.772
.777

.411
.676
.800
.916
.988
1. 07
1.13
1. 213
1. 235

.4:
6.5
14. 5
23.6
33. 5
44. 2
55. 5
6 8 .1
73.0
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So the "loose sand" model is considered inappropriate
for this site because of
served refraction.

2)

1)

the low velocity of the ob

the short critical distance x , and
c’

3] the straightness of the direct arrival plots for S and
P.
In most refraction surveys the velocity is assumed
constant throughout each distinct layer and equal to the
velocity measured at the upper surface of the layer.

In

this case the velocities at top and bottom of the upper
layer are c ^

= c^

c,j, = 1670 ft/sec.

= 590 ft/sec.

The refractor velocity

Then
z~ = c ,t COS0
T
si c
c

From Fig. 14 the travel time to the emergence point 2Xc is
2t

=t +

c o

2X
c , where t is the t-axis intercept.
-o
*
2x

ZT ” 4cs l (to + — i>cos0c
CT
But x

c

= ZrptanG , and Lsl = sine , so
I
c
c
Crp

Z™,
I

-

hesi,t o CO S 0 c + ( s i n 0 c ) (z T ta n 0 c )c os © c
hesi,t ocos© c
-

1-sm

2

0

c

=

hesi,t o
cos 0

c

3sx590x. 2 1 5 X . 9 3 6 = 59.5 =
1-.124

68'

.876
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and x = 25.7', 2t
C

If c

£>

C

= ‘

.o/O

= .246 sec.

increased slightly with depth, so that c

ft/sec, z™ would be 73'.
T

This

S

= 625

difference in c

s

is

within the uncertainty of the slope measurement.
C.

Attenuation

Measurements of relative amplitudes are listed in
Table 3 for the three types of arrivals.

A quantitative

analysis of the direct arrival amplitudes will be at
tempted but due to horizontal inhomogeneity in the med
ium, differences in quality of geophone coupling, and
variations in amplifier gain, a large scatter in attenuation values is to be expected.

De Bremaeker

18

noted

that "such a scatter, often observed in amplitude work,
makes the use of amplitudes greatly more difficult than
that of arrival times."
Nevertheless, Table 4 shows that, as predicted by (1),
the amplitude reduction is greater than that due to geometric spreading alone.

The values for

sistent at least to an order of magnitude.
of .062 says that Kg = 1.25 K^.

are conThe average

Compared to Ks = 1.10

for dry steel this implies a medium more sticky than
packed steel spheres, therefore one with greater attenu
ation.
The attenuation of a medium is commonly measured
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Table 3.

X

50
75
10 0
200

300
350
400
450

Amplitudes of Reflected, Refracted, and
Direct Arrivals.
(In cm.).

Direct Arrivals (S)
Dominant
Record:
f
4
6C1
40 hz
.9
37
2. 8
33
.5
1.0
25

6D1

6D2

1.8
.6

.8

6E1

.3

20

.9
.5

18
16
16

Reflected Arrivals (R^)
x
25
50
75

Record:
1.3
1.5
1.9

6

B1

Refracted Arrivals (T)
X

50
100

150
20 0

300

Record:

-9.0
9.5

-1.1
1 .1
2.0
.6

6

D1

6

D2

1.9
1.6

.3
.2

.5
.2
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6E2

.55
.35
.2
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Table 4.

yFl

A2
A1

(ft)
5.1
3.8
1 .61
1.44
1.35

"

.33 =
.375=
.56 =
.64 =
.57 =

Calculation of Q Value
r
exp -4f_
c
L s

.707
.82
.92
.935
.942

K -K,
s d
K

.47
.46
.65
.68
.605

-4 fx Ks-K.)
d

75
75
43
38
50

.037
.049
.067
.066
.095

ave. .062

AW =
W

8

(,062) = .496

Q = 2tt/(. 496) = 12.7
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by its Q value, defined by 2iri = ^

.

So Q is the in

verse of the fraction of energy lost per radian and a
high Q value means low attenuation.

Q is relatively in

dependent of frequency, while the absorption coefficient,
ag , is generally proportional to frequency.
The fractional loss of energy per cycle due to atten2
A W
l K
- K j
uation is
= -8
Thus the value of Q at the
Wm
I dK,,

[’

site is 12.7, quite reasonable for unconsolidated mater
ial.

Table 5 gives representative values, including De

Bremaeker’s scatter for volcanic cinders.
Table 3 also shows, at least qualitatively, that
while the direct arrivals steadily decrease with distance,
the refractions increase to maximum at around 100-150',
then decrease.

The reflections measured steadily in

crease with distance out to 75', as far as they were re
cognized.

These results are predicted by (1-3) if it is

assumed that the "refractions" at less than 100-150' are
actually reflections.

Reflections will increase in am

plitude with distance at short distances because R is
increasing rapidly as the angle of incidence is increas
ing.

Eventually the geometric and absorption terms take

over and the amplitudes will die out with distance.
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Table 5.

Comparison of Attenuation Results
With Other References.

V Kdi

[

K

P waves

19
in soil

S waves

in till (Table 4)

n
P waves

• j
20
m cinders

S waves

in dry steelspheres

.062

AW
W
.6

10

.496

12.7
30-75

21

.011

.09

70

The following are all expressions of attenuation:
AW = 2 AA = 2tt1
W
A
Q

= 8

K -K,
s d

2
= 2a

Kd
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The refraction amplitude of (3) can be rewritten as
c , where

is the amplitude at emergence

This is the maximum amplitude for the refraction arrivals
and it occurred at about
ceding section.

1 0 0 ',

in accord with the pre

With increasing distance the amplitude

is damped by absorption, but (theoretically) not by
spreading.

Since the head wave is confined to the inter

face, in our cylindrical model it will not be expected
to spread geometrically.
In all cases the greater attenuation of higher fre
quencies is evident in Table 3 and the records themselves
The dominant frequency is obviously decreasing with dis
tance from the source.
D.

Dual-Pendulum Generated Waveforms

Fig. 19 shows the records generated when both pen
dulums were allowed to fall, each striking a separate
target.

Distinctive "double-troughed" arrivals are ob

served at 50' on the record Fig. 19A and at a 100' in
Fig. 19 B and C.

The spacing of the two blows, as mea

sured between the double troughs, was .008 sec for 19 A,
.010 for 19 B, and .012 for 19 C.

Since the pendulum
2

was falling from 125 cm, E = mgh = ^mv .

So
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Fig. 19

Dual Pendulum Records

Record A.
50. -A_.

100’

OjO

0,5
Scale (sec)

Record B.
50*

Record C.
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=<^/"2x980xl25 = 495 cm/sec.
Then the observed spacings can be produced by staggering
the targets by about 5 cm.
The

h

period offset is most noticeable.

Because of

the decreasing dominant frequency with distance due to
attenuation, this occurs at 50' in 19A (shorter spacing,
shorter period), and at 100' in 19C (longer spacing, lon
ger period).
at

100'

19B is intermediate.

but is less than
X.

h

The offset appears

period and not well defined.

CONCLUSIONS

The falling pendulum shear wave source provided
shear waves of adequate energy and reproducability for
short range work.

The main value of such a system is as

a teaching aid in introductory seismology.

Many of the

techniques of seismic surveying can be learned without
the danger and inconvenience of explosives.
SH waves are also suited to introductory work if the
site is free of vertical subsurface reflectors.

The

records would have been more complicated if P waves had
been used because of SV conversions.
The curves on the x v s . t plot could not be extended
sufficiently to give conclusive evidence as to whether or
not they were in fact refractions because of

1)

low vel

ocity and high attenuation of the medium under study,
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2)

66

high background noise, 3) the presence of vertical re
flecting surfaces in the area, and 4) obliteration of
later arrivals by the strong Love waves.
Nevertheless, on the basis of data obtained, seismic
velocities in the till at the site do not seem to increase
as rapidly as

.

The water table was definitely not a significant re
fractor for these SH waves.
The results of amplitude measurements were in quali
tative accord with theory.

Refraction arrivals are

strongest at the emergence of the critical refraction.
Attenuation is high in the till as measured using the
direct arrivals.
As a final conclusion, the results of the velocity
and attenuation studies can be tied together by hypo
thesizing that the layer of till is more cohesive than
would be appropriate for the "loose sand" model, which
assumes no consolidation at all.

The clay particles

which comprise a large percentage of the till are prob
ably sufficiently cemented to

1)

reduce the relative

effect of overburden pressure, thus reducing the depen
dence of velocity on depth and

2)

increase the coeffici

ent of static friction, Ks , relative to the coefficient
of dynamic friction, K^, thus increasing the attenuation.
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APPENDIX--PICKING OF ARRIVALS
Arrivals are evidenced by a change in amplitude,
frequency, or slope of the seismic trace.

When there is

energy present from previous arrivals and/or noise, sub
jective decisions are clearly required.

In the current

study the information contained in later arrivals is
desired.

Also noise was present from several sources.

The most important of these are vibration of the frame
after release of the pendulum and before impact, wind,
and traffic.
The key to overcoming these obstacles is the use of
multiple records for each distance and travel time.

The

original records were arranged in echelon with apparent
arrivals noted on the lower margin, as in Fig. 4.
ruptions in the light beam occur every .01 sec.

Inter
Unless

an apparent arrival was clearly present on at least two
traces it was considered spurious and discarded.

Most

arrivals were confirmed by at least three records.

Fur

ther, the polarity and general character of the trace
deflection must be the same on each record for a given
arrival.
Once the time of a recording has been fixed it is
tempting to pick arrivals where they are expected, even
if the character of the trace does not immediately
67
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suggest an arrival.
resisted.

Of course this temptation must be

But if an arrival at that approximate time is

well established on other records even small changes in
slope, amplitude, or frequency can help establish the
exact time.

For example the 100' P arrival in Fig. 4 is

just a change of frequency.

The preceding noise has a

period of .05 sec and at the picked arrival there is a
sharp downward deflection and the period changes to
sec.

.02

By itself this would not be sufficient evidence of

an arrival, but since other records confirm a P arrival
at about

.12

sec the exact deflection point gives an in

dication of the exact travel time.
For refractions, another technique used is the peak
and trough technique.

Often the exact first arrival can

not be seen but the peak of a later oscillation is clear
Then the refractor velocity can be determined by measur
ing the change in position of the peak with a change in
distance.

This does not give the absolute travel time

but it does give velocity.
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FOOTNOTES
Whitcomb, J.H., 1966, Shear wave Detection in Near
Surface Seismic Refraction Studies, Geophysics,
v. 31, pp. 981-983.
2

White, J.E., Heaps, S.N., and Lawrence, P.L., 1956,
Seismic Waves from a Horizontal Force, Geophysics,
v. 21, pp. 715-723.
3

Jolly, R.N., 1956, Investigation of Shear Waves, Geo
physics , v. 21, pp. 905-938
4
loc. cit., p. 910
^Todd, Raymond C. , 1971, "An Investigation of the Seismic
Wave Propagation properties of a Thin Unsaturated
Layer as a Wave Guide"
^Jolly, op. cit., p. 933
7

Cattaneo, C., 1938, "Sul Contatto di due Corpi Elasti",
Accad. Lincei, v. 27, pp. 342-348

g

Mindlin, R.D., 1949, Compliance of Elastic Bodies in
Contact, J. Appl. Mech., Trans. ASME, pp. 259-268
9

Gassman, Fritz, 1953, Elastic Waves Through a Packing of
Spheres, Geophysics, v. 16, p. 269

^White, J.E., "Seismic Waves: Radiation, Transmission,
and Attenuation", p. 120, 1965
"^loc. cit., p. 127
12

Mindlin, op. cit.

^White, op. cit., p. 127
^loc.

cit., p. 126-128

■^Jolly, op. cit., p. 919
^White, op. cit., p. 63
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